Introduction
This laboratory is intended to familiarize you with the Cavendish balance, and the theory associated with its use. In this lab, you will measure the universal gravitational constant G. This experiment is to be done by the class as a group.
Theory -Torsional Pendulum
The measurement of the universal gravitational constant G uses a device known as a torsion pendulum which, as used here, is simply a dumbbell suspended at its center from a thin wire or fiber. If the dumbbell is rotated from its equilibrium position, the wire is twisted slightly and exerts a restoring torque (recall, τ = r x F) on the dumbbell which is proportional to the angular displacement θ, so that τ = -Kθ (See Figure 1) . K is analogous to the force constant of a spring. Using the equation τ = Iα, where α = d 2 θ/dt 2 , we obtain the equation for the angular motion of the dumbbell, which you will instantly recognize (well, don't you?) as an equation for simple harmonic motion. Therefore the dumbbell will oscillate with angular frequency ω = (K/I) ½ and period T = 2π /ω = 2π(I/K) ½ . A measurement of the period will then yield a value for the torsion constant K if the value of I is known. That is:
where, as we have seen previously, is just:
The force of gravitational attraction between two bodies separated by a distance R is given by where M and m are the masses of any two bodies. If we take our torsional pendulum and place two massive balls near to it as shown in figure 2, the two massive balls will gravitationally attract the small balls at the end of the pendulum, causing it to rotate into a new equilibrium position (Position A). When the balance is in this position, the torque on the dumbbell due to the gravitational attraction of all the balls is given by
The negative term in the expression in brackets comes from the torque due to the attraction between the ball on the dumbbell and the farther large ball.
If the position of the large balls is now changed to the configuration shown in Figure 3 , the pendulum will initially swing clockwise and eventually come to rest displaced from its initial equilibrium position an equal amount in the opposite direction (at Position B). Remember that in this new equilibrium situation the sum of the torques must be zero. Therefore, at this point, the torque due to the gravitational attraction between the balls (τ G ) is exactly balanced by the restoring torque (τ r ) due to the twisting of the wire. Thus, if the angular displacement from initial equilibrium is measured, and the torsion constant K is found, we can determine G from the equation τ G = τ r , or
Procedure
Start with the pendulum and balls in the position in Figure 2 
This is a long measurement. Since the gravitational force is very weak and the restoring torque so small, the period of the oscillation is quite long (about 10 minutes). In order to obtain enough analyzable data, it is necessary to record position information for at least three to four full periods. Also, the angular displacement is very small (which is why it is valid to regard the gravitational forces as constant), so that some means of amplifying this angle is necessary. The trick we use here, called an "optical lever", is to reflect a beam of light from a mirror attached to the dumbbell onto a distant wall, so that small angular motions of the dumbbell give fairly large motions of the spot where the reflected beam hits the wall. Note that if the dumbbell (and thus the mirror as well) is rotated through an angle of 2θ 0 , the reflected beam is rotated through an angle of 4θ 0 as shown in Figure 4 . With the use of trigonometry, the angular displacement of the mirror can be determined from the distance the spot moves and the distance from the mirror to the wall.
Derivations and Questions
Derive Equation 6 by considering the torque experienced on each of the small balls by each of the large balls. Then, with the apparatus in position A, record the initial position of the spot on the wall. Starting from the time that the large balls are moved from position A to position B, record the position of the reflected spot at regular intervals (say 10 or 15 seconds) until the pendulum settles down to its new equilibrium position. Take care not to bump the apparatus during the measurement! At the end, you will have data for both the period of oscillation and the angular displacement θ 0 of the dumbbell. This will enable you to determine G from the equations above.
• Plot a graph of the position of the reflected light spot on the wall vs. time.
• Use this graph to find the period of oscillation of the pendulum by taking an average value of all possible period values from the graph.
• Use the period to find the torsion constant K. (Refer to Equation 3 ). You will need to have determined the moment of inertia I of the dumbbell. (See Equation  4 ). Thus, we need to use trigonometry and the values for the baseline B and the displacement l to determine a value for θ 0 . Using the fact that, for small angles, sinθ ≈ θ, we then have: 2θ 0 = l/2B, or θ 0 = l/4B
• Use θ 0 and the torsion constant to find G using Equation 7.
Compare G with the value in your textbook. How well do they agree? What possible sources of error have you neglected in the experiment? How would they affect your result if you took them into account? Why did Cavendish entitle his paper "Weighing the Earth"? Using the value of G just measured and the handbook value of g, find the mass of the Earth. Haven't you just weighed the Earth? Don't you feel strong?
Important Numbers to Know
These include the parameters for the Cavendish Balance. 
